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IWTRODUCTION 

u n t i l  recently re f iners  avoided t h e  upgrading of residual fue l s  by ca ta ly t i c  
hydrogenation. The d i f f i c u l t i e s  experienced i n  the  development of t he  
desulfurization of res idua l  fue l s  demonstrated t h e  i n f e a s i b i l i t y  of such a Process. 
For example, heat s ens i t i ve  asphaltenes (1) present i n  the  residual fue l s  immediately 
deactivate the  ca t a lys t  a t  the  s t a r t  of t he  process through excessive carbonization 
caused by t he  heats of hydrogenation and adsorption. Nevertheless, e f fo r t s  a r e  s t i l l  
made t o  upgrade coa l  ex t r ac t s  containing more asphaltenes than res idua l  fue ls ,  or 
even worse, components such as benzene insolubles o r  ash.  

EXPERIMENTAL CONSIDEFUTIOhs 

The most sens ib le  approach i s  t o  se l ec t ive ly  ex t rac t  only the  asphaltene free 
portion of the  coa l  and use t h e  remaining unlissolved coal f o r  t he  production of H2 
and the  energy necessary f o r  processing. 
needed t o  provide these  e s sen t i a l  services f o r  the  r e f in i  
100 moisture ashf reemaf- I l l ino is  86 coal  containsi  8l.3 C = 6.7 atoms: 5.4 H = 5.2 atoms: 9 . 9  0 = 0.6 atoms: 2.996 S = 0.09 atoms: 1.4% K = 0.10 atoms. 
For every atoms of C ,  approximately 0.8 atoms of H a re  present. 
iH f o r  1C. In paraf f ins ,  H C-(CH )-CH3, the  r a t i o  of H :C is 2:l since t h e  terminal 
CH3 groups do not a f f ec t  th?s r a t f o  very much. I n  real&, fue ls  which a r e  saturated 
mixtures of paraf f ins  and naphthenes l i k e  kerosene, do not achieve t h i s  r a t i o  of 2 : l  
due t o  the  presence of small amounts of benzene rings and condensed naphthenes. 
more r e a l i s t i c  r a t i o  f o r  a sa tura ted  f u e l  should be 1.8H:lC corresponling t o  13.3% H. 

If one wanted t o  upgrade 4. of the  6.7 carbons i n  the  lOOg maf coa l  by increasing 

Approximately 40 t o  5f$ of t h e  coa l  w i l l  be 
of coal. A s  an example, 

This i s  less t han  

A 

t he  atomic H r C  r a t i o  from 0.8 t o  1.8, this  would require t h e  addi t ion  of 2 moles of 
H2 t o  t he  4C atoms, producing 55.2g of o i l  (kc = 48g and kxl.8H = 7.2g). 
mately 0.8 mole of H would a l so  be necessary fo r  the  removal of t h e  heteroatoms 0 ,  
S, N. Therefore, 2.8 moles of H2 have t o  be produced from t he  lOOg maf coal.  Out of 
t he  6.7 a t m s  of carbon, 4 are  being hydrogenated t o  a hydrocarbon o i l  and 2.7 C are 
ava i lab le  t o  produce H2 via t h e  water-gas a d  the  subsequent s h i f t  reaction. The 
autothemic equation, coupling the  maximum H2 production with a m i n i m u m  C consumption, 
2 . N  + 0.60 02 (+188 Kcal or 2.0 x 94) + 2.8 H20 (-185 Kcal or 2.8 x 68) __c 

2.8 H2 + 2.0 C02 demonstrates t h a t  an absolute m i n i m u m  of 2.0 carbon atoms of t h e  
remaining 2.7 C atoms is  necessary f o r  H2 production, 0.7 C ,  about le of t h e  maf coal 
i s  available f o r  t h e  energy needed t o  run t h i s  reac t ion  and t h e  coa l  refinery.  

This crude approximation demonstrates t h a t  it is o n l y  necessary t o  ex t r ac t  559 
o i l  from lOOg maf coal,  t h e  remaining undissolved coa l  ha5 t o  provide the  H2 a d  the 
energy f o r  t he  operation. I f  only 55% has t o  be dissolved it should be possible t o  
ex t rac t  se lec t ive ly  only heptane so luble  o i l ,  thereby avoiding all downstream refining 
d i f f i c u l t i e s  caused by t h e  presence of asphaltenes. Idea l ly ,  the  solvent should do 
two things,  dissolve 50-6@ of the  coal s e l ec t ive ly ,  e.g., asphaltene free and themo- 
bdrocrack  using H2 from t h e  H2 atmosphere t o  achieve a suf f ic ien t ly  low molecular 
weight t o  pernit  separation of the  ex t rac t  from the  insoluble coal by d i s t i l l a t i o n ,  
The conlit ions under which t h e  solvent must operate,  i . e . ,  t h e  temperature and K 2  
pressure must a l so  be established. 
asphaltene. A t  4 0 0 0 ~  
it s t a r t s  coking, which produces gas,  v o l a t i l e  l i qu ids ,  tar ,  and coke. 
the  temperature beyond 4OOT produces additional coke from t h e  t a r .  
repressed by t h e  application of high H2 pressure, 
dynamic equilibrium favors complete aromatization. 

Approxi- 

Bituminous coal ac t s  l i k e  a g i an t  po ten t ja l  
The coal i s  heat l a b i l e  a d  begins t o  soften a t  about yjooC. 

Increasing 
Cokiw can be 

However, beyond 440W t he  themo-  
Obviously, it would be advant a- 

c 
I; 
I: 

I ,  I 
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geous t o  dissolve t h e  c o a l  below the  coking temperature t o  keep coke and asphaltene 
production t o  a minimum. 
reasonable r a t e  of decomposition. 
mise ( 2 ) ,  and should probably not be exceeded. Increasing t h e  temperature t o  430% 
f ie lds  undesirable ex t r ac t s  having a higher asphaltene content. 
benef ic ia l  s ince  it represses coking and s t a b i l i z e s  heat, l a b i l e  materials.  
f o r  prac t ica l  operating reasons, t h e  pressure should not exceed 200 atm. 

Yet the  temperature should be s u f f i c i e n t l y  high f o r  a 
It was found e a r l i e r  t h a t  400% was a good compro- 

High H2 pressure i s  
However, 

Organic mater ia l  proposed as  coal solvents have ranged f r o m  paraffins (3) t o  
hydroaromatics , t o  aromatics: ard from coal t a r  f r ac t ions ,  t o  coal t a r  i t s e l f  t o  
d isso lve  the  coal.  
t e t r a l i n  and 2 6  coal  t a r  c reso l  which could d isso lve  as much as 90-95% of t h e  coal. 
Te t r a l in ,  without t h e  c r e s o l s ,  is a l i t t l e  more discriminating. It w i l l  d i sso lve  
only 8 0 3 5 %  coal.  Such an  ex t r ac t  w i l l  contain arourd 30$ heptane insolubles,  but 
only a r e l a t ive ly  small  amount of benzene insolubles. 
t h a t  par t  of t e t r a l i n ' s  a b i l i t y  t o  l iquefy  coal cons is t s  of t r ans fe r r ing  i ts  H2 t o  
coa l ,  thus becoming napthalene. To our knowledge, no one has proven t h a t  t e t r a l i n  
can a l s o  t ransfer  H2 from the  atmosphere t o  coa l ,  i . e . ,  ca r ry  out a ca ta lys t - l ike  
reaction. 
t h e  H2 material  balance d i d  show an  uptake of H 2 ,  this uptake could always be 
a t t r i bu ted  t o  t h e  c a t a l y t i c  a c t i v i t y  of t h e  walls of t h e  reac tor  and/or t he  ca t a ly t i c  
a c t i v i t y  of coa l  cons t i tuents .  
cor re la t ions  drawn from very small  differences in the  ana ly t ica l  hydrogen da ta  r a i se  
grave doubts a s  t o  t h e i r  r e l i a b i l i t y .  
hydrogenation a c t i v i t y ,  namely t o  demonstrate d i f f e ren t  degrees of hydrogenation 
with d i f fe ren t  solvents in the  same reac tor  vesse l  with t h e  same coal under iden t i ca l  
H2 pressure and temperatures. I n  addition, a solvent should be employed which leaves 
no doubt as  t o  its d i r e c t  role i n  the  promotion of hydrogenation. Such a solvent was 
found i n  a p a r t i a l l y  hydrogenated re f inery  stream (5) used by A.W. Langer and CO- 

workers f o r  t he  thennal hydrocracking of petroleum residues (6). 

Po t t  a d  Broche (4), proposed a coa l  solvent consisting of 80$ 

Many inves t iga tors  have shown 

T h i s  type of claim would be very d i f f i c u l t  t o  subs tan t ia te  since even if 

Secondly, one would not expect a l a rge  e f f ec t  and 

However, there  i s  another means of proving 

MPERIMEiTTAL RESULTS AND DISCUSSION 

Vacuum bottoms were hydrocracked using a typ ica l  Ni-Mo on SiOp-Al 0 
za t ion  ca t a lys t  under r a t h e r  severe COrditiOnS I i . e . ,  ( 7 6 0 9  and 300 $i3H2). 
r e su l t s  are shown i n  Table I under Run 4. 
hydroaromatics and 4096 sa tura tes .  
cyc l i c  aromatics. 

desu l fur i -  
The 

Unfortunately, the  o i l  a l so  contained 1% poly- 
An o i l  was obtained which consisted of 5($ 

For comparison the  following solvents were usedt 

Run 1 - t e t r a l i n  
Run 2 - ca tcracker  s lur ry  o i l  which i s  p rac t i ca l ly  a l l  aromatic 
Run 3 - raw, non-hydrogenated vacuum bottoms 
Run 4 - hydrocracked vacuum bottoms. 

H2 content (12%) while the  s l u r r y  o i l  had the  lowest H2 
content (7.2$) 

This solvent had the  highest  

TABLE I 

Solvent I Run 1 2 3 4 

I.BP 5459 4 7 5 9  

API 

2 insol. 
40 
50 
10 

% P + N  

k Cod.  polycycl. A r  
'% Hhr 100 

9.1 
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8.2 
1.3 4.7 
7.2 10.5 

18.8 
1.1 
12 



As can be seen, even the  hydrocracked vacuum bottoms s t i l l  contain some C i n s o h -  
bles. Whether o r  not these  f igures  a r e  r e l i ab le  i s  ques t iomble ,  Very ogten, C7 
insolubles i n  hydrocracked vacuum bottoms a re  not asphaltenes but microcrystall ine 
waxes soluble i n  warm o i l  but insoluble i n  C7 a t  ambient temperatures (7). 

a t  4OO0C u d e r  200 atm. H2. 
ashfree - maf): 
7.8% ash a d  7.2% water. 

confirm t h a t  t h e  ex t rac t ion  with t h e  hydrogenated 
vacuum bottoms is  a se l ec t ive  process (See Run 4-56$) : while t e t r a l i n  (Run 1) and 
Slurry 011 ( f i n  2 )  yielded the  same ext rac t ion  r e s u l t ,  namely 835. 
unhydrogenated vacuum bottoms extracted only IO$ so  the  products from t h i s  run were 
not investigated any fu r the r ,  

200 g I l l i n o i s  #6 raw coa l  was extracted i n  autoclaves with 200 g solvent 

The raw coa l  contains 
The coal had the  following composition (moisture and 

C 81.0$, H 5.26, 0 9.5%. S 2 . 9 ,  N 1.45. 

The resu l t s  (Table 11.) 

Run 3 using raw, 

TABLE 11. 

Run 1 2 3 4 

83 83 10 56 
15.8 18.6 

(dissolved) 
API 
5 c7 insol.  (of solution) 14 20 4 2 
5 ~7 insol. (of  ex t rac t )  34 43 3.8 
$ Bz insol. (of so lu t ion)  2 . 5  5.7 
$ Bz insol.  (of ex t rac t )  6 14 
$ H2 (of solution) 8.4 7.1 10.6 11.4 
$ H2 (of ext rac t )  7.4 7.0 9.0 

Unconverted Solids 
% H  2.8 1.7 
mols H2 added t o  100 g MAF coal. 0.8 0.5 

3.8 
1.35 

The percentages i n  t h e  ex t rac t  (Table 11.) were calculated from the  per- 
centages i n  the  solvent and i n  the  solution; 
I n  the  case of % H2, t h e  H2 i n  t he  unconverted coa l  so l id s  was used t o  a r r ive  a t  
the  H2 material balance, 

s t i l l  too  Mgh, 3.88, f o r  easy re f in ing ,  but remarkably pow compared t o  t h e  asphal- 
tenes i n  the  t e t r a l i n  ex t r ac t ,  74%. Run 1. 
polycyclic aromatics i n  t h e  solvent of Run 4. 
i n  Run 2, where the  whole solvent,  slurry o i l ,  i s  polycyclic aromatic, The ex t rac t  
contained 4346 C7 insolubles and an addi t iona l  14% benzene insolubles,  which leaves 
43% of the  ex t rac t  soluble i n  C7. Such a product could not be refined economically 
s ince  it would have t o  be de-asphalted first, a very expensive process yielding only 
43% C solubles. The t e t r a l i n  ex t rac t  (Run 1) does not look much be t te r1  34% C7 in -  
solubTes and s$ benzene insolubles.  
t,he values of H2 consumption f o r  100 g of maf coal,  
hydrogenated vacuum bottoms (Run 4 )  a re  not only more se lec t ive  solvents,  but much 
be t t e r  H2 t ransfer  agents o r  if you wish,  ca ta lys t s .  
f igures  i s  questionable due t o  the  increasing e r r o r  i n  a r r iv ing  a t  t h e  smaller ab- 
so lu te  H2 values. 
show real differences ( i . e .  1/2 or 1/3 as  such, e t c . ) .  The figures a l s o  es tab l i sh  
t h a t  o q a n i c  co~~pounls  cannot only t r ans fe r  H2 from themselves t o  another organic 
compoun~, but a l so  molecular H2 from t he  surroll-iing atmosphere. 

$ i n  ex t rac t  = '$ i n  so lu t ion  - '$ i n  solvent 

I n  examining the  ex t rac t  f igures ,  note t h a t  t h e  C insolubles of Run 4 a re  

This i s  most l i k e l y  due t o  t h e  10% 
That e f f ec t  is espec ia l ly  apparent 

The l a s t  horizontal  l i n e  i n  Table I1 i rd i ca t e s  
According t o  t h i s  t a b l e ,  the  

The absolute accuracy o f  these 

However, even though the  values a r e  not very accurate,  they  s t i l l  

A repeat of these experiments with another hydrocracked vacuun bottom con- 
taining only 4$ polycyclic aromatics showed a much grea te r  s e l e c t i v i t y  (Table 111. ). 
N o t i c e  t h a t  the  solvent contains 1$ c7 insolubles and the  result ing coa l  so lu t ion  

93 



had t h e  same percentage. Thus, t h e  ex t rac t  i t s e l f  a l so  contained 1% C7 insolubles.  
The t o t a l  coal so lu t ion  can be d i s t i l l e d  by vacuum d i s t i l l a t i o n  and thereby f a c i l i -  
t a t e  t he  separation of t h e  undissolved coal. I n  addition, these solvents ac tua l ly  
upgrade the  unfissolved s o l i d s  also.  

TABU 111. 

W.K.T. G l e i m  and M. J. O'Hara 
Hydrocrackd VB's Solvent Coal Solution 

U. S. 3,867,275 February 18, 1975 

I. BP 
JWI 
C7 inso l .  
$ P + N  
% HAr 
$ c o d .  polycycl. Ar 
$ H i n  so l ids  

ex t rac t  of MJ'LF coal 
BZ ext rac t  

4 7 5 9  
18.8 
1.1 

46 
49 
4 

20.5 
1.2 

5.9 
58.1 
18.6 

_ _  - ~~ 

Furthennore, t h e  upgrading of t h i s  residue was demonstrated by t he  f a c t  t h a t  addi- 
t i o n a l  material was ex t rac ted  from t h e  residue by boiling benzene a t  atmospheric 
pressure. 
50% s olubles . This second ex t r ac t  yielded 18.6% and consisted of 50$ C7 insolubles and 

I n  reference t o  t h e  f i r s t  ex t r ac t ,  by reusing it over and over again without 
removing the  dissolved coa l ,  it is  possible t o  slowly increase t h e  dissolved coal 
content of t h e  solvent thereby increasing i t s  hydroaromaticity. 
would dissolve more coa l ,  thereby losing its se l ec t iv i ty ,  meaning t h a t  t h e  $ C7 in- 
solubles would increase with the  number of ex t rac t ions .  Rehydrogenating the  coal 
so lu t ion  between ex t rac t ions  w i l l  not t o t a l l y  recons t i tu te  the  s e l e c t i v i t y  of t h e  
or ig ina l  coal solvent. 
eum, contribute t o  its se lec t iv i ty .  
of dissolved coal. 
of solvent from a petroleum ref inery  would be necessary. 
f o r  combining coa l  l i que fac t ion  with petroleum refining. 

Thus, t he  solvent 

The paraf f ins  i n  the  or ig ina l  solvent. derived from ps t ro l -  
These paraf f ins  would be d i lu ted  by t he  additional 

I n  order t o  maintain t h i s  s e l e c t i v i t y ,  a continuous f r e sh  stream 
T h i s  is a good argument 

As shown i n  Table III., 58% of the  maf coa l  can be dissolved, which means 
5 6  of  the  raw coal,  
can be used as coal so lvent  means t h a t  7096 of t he  t o t a l  crude can serve as solvent 
i n  a coal-to-solvent r a t i o  of 1:1. 

Assuming t h a t  a l l  of t h e  refined crude boiling abwe 5 0 0 9 ,  

coNcLus Io~  

How much addi t iona l  d i s t i l l a t e  could uch a scheme provide f o r  t h e  United 

Fth Sta te s?  Right now t h e  U. S. produces 8.5~10 8 bbls/dty crude8 i n  5-6 years 

tons/day of  coal x t r a c t ,  i . e . ,  3 .25~10 i! bbls/day. A t  present,  the  U. S. uses ap- 
prox a t e ly  l l x t 0  8 bbls/day of d i s t i l l a t e ,  I n  t e n  years it 211 probably be a t  l e a s t  
13x10 3 bbls/day. This d e f i c i t  co 

tons of coal/day, or 182x10 z tons/year. Therefore, a t o t a l  of 550x10 tons of coa l  

Prudhoe Ra the  U. S. w i 1 l 6 b e  producing about 10x10 tons/day. With 6 . 5 ~ 1 0  bbls/  
day (4x108'tons/day), 1x10 tons/day o raw coa l  can be extracted yielding 500,000 

by 3 .25~10  bbls/day o i l  taken 

Substi tuting coa l  for t h e  

from coal  i n  addition t o  t h e  petroleum production. T h i s  meam 
t h e  yearly requirement wi l l  
3 .3~106  bbls of res idua l  0% s t h a t  t he  U.S. uses d a i l y  would require r o t h e r  0.5~106 

per year  w i l l  be needed t o  subs t i t u t e  for imported o i l .  

The present U. S. coa l  production i s  about 6 0 0 ~ 1 0 ~  tons per year, That means 
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t h a t  t h e  U. S. coal indus t ry  would have t o  double t h e i r  output i n  t e n  years. 
not believe t h a t  t h i s  can be achieved i n  t h e  current p o l i t i c a l  climate. 
cordit ions f o r  these concepts I have expressed, ex i s t  i n  t he  Midwest. 
a d  re f iner ies  are s i t ua t ed  close together,  with su f f i c i en t  H20 ava i lab le .  
would begin w i t h  t he  t o t a l  conversion of o i l ,  including asphaltenes, t o  d i s t i l l a t e .  
For t h i s ,  coal would serve as the  re f inery  f u e l  and H2 source. 
t he  second s t ep ,  namely t h e  se lec t ive  ex t rac t ion  of coa l  i s  undertaken, leaving t h e  
undissolved coal t o  serve as  a source of e n e r g y t o  power the  refining of crude and 
coal. 

I do  
The idea l  

One 
O i l ,  coa l ,  

When t h i s  i s  achieved, 

To summarize, t h e  b e t t e r  pa r t  of coa l ,  t h a t  i s  the  heptane so luble  f r ac t ion ,  
can be extracted se l ec t ive ly  and thennohydrocracked t o  d i s t i l l a t e  with a petroleum 
derived solvent i n  an high pressure H2 atmosphere without t h e  help of an ex terna l  
hydrogenation ca ta lys t .  
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